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We propose an optical approach to monitor superconductors in conjunction with a normal metal
layer. Effectively such a hybrid system represents a resonator, where electrons are strongly coupled
with light. We show that the interaction of light with the superconductor is strongly boosted in
the presence of the neighboring metal and as a result, the electromagnetic power absorption of
the system is dramatically enhanced. It manifests itself in a giant Fanolike resonance which can
uniquely characterize the elementary excitations of the system. Our approach is especially promising
for topological superconductors, where Majorana fermions could be revealed and controlled by light.
I. INTRODUCTION
Superconductivity is conventionally considered to be
a material property difficult to characterize with light,
due to weak light–matter interaction in superconducting
condensates. To test whether materials are superconduc-
tors, electric (resistivity-based) and magnetic (Meissner
effect-based) techniques are routinely used. However, op-
tics would be very helpful if we want to monitor hybrids
of such fascinating classes of materials as topological in-
sulators (TI) [1–5] and Weyl semimetals (WM) [6–13]. In
this framework, superconductors should be considered as
candidates to reveal new topological properties, thus fos-
tering a revisit of existing experimental techniques.
Topological superconductors behaving metallic on the
surface and superconducting in the bulk naturally com-
bine the properties of both metal and superconductor,
which is the key problem for their discovery. On one
hand, electrical conductivity measurements used to study
conventional superconductors have proved to be challeng-
ing due to a mutual influence of the free electrons associ-
ated with the metallic surface and the Cooper pairs of the
superconducting bulk. On the other hand, diamagnetic
Meissner magnetization measurements require a minimal
volume, which is an issue for surface topological super-
conductivity.
In this article, we propose an optical approach to mon-
itor behavior of superconductors. As an important in-
gredient, it requires coupling of the superconductor to a
metallic layer with plasmonic gapless excitations. Their
hybridization with flat bands and superconducting exci-
tations leads to a giant light absorption due to a high
density of states. As a result, a film of topological mate-
rial deposited on the thin metallic layer will have hybrid
elementary excitations. The significant result that we
demonstrate below is that these excitations are highly
optically active; they display strong resonances in opti-
cal absorption measurements, thereby characterizing the
material under study.
Various hybrid normal metal–superconductor or
semiconductor–superconductor systems, in which a two-
dimensional electron gas (2DEG) is in contact with
Cooper pairs, have been broadly considered in litera-
ture. Examples of the widespread implementation of
such hybrid systems include a Josephson junction or a
Josephson tunnel junction [15] aimed at cooling (as a
heat sink), observation of Majorana fermions [16, 17] and
zero modes [18, 19], and an enhancement of the degree
of photon pair entanglement [20].
Further, recent studies show that there are advantages
in using optical scattering in plasmons especially in the
context of plasmon-based refractive index sensing. For
example in graphene, it was shown that such a plasmonic
sensor has a high surface sensitivity[21] and further, the
light scattering can be controlled by dc current[22]. This
was used to study non-local response and presence of
adatoms and impurities[24, 25].
Recently, it was shown that hybrid systems also allow
new mechanisms of superconductivity itself using inter-
action with excitons [26] or exciton polaritons [27, 28] in
semiconductor structures, where the latter can serve as
an auxiliary to increase Tc. From an application-oriented
perspective, semiconductor-based hybrid structures can
be employed in such devices as tunnel diodes [29] and op-
toelectronic circuits for high-bandwidth information pro-
cessing [30, 31]. Furthermore, the most recent advances
in molecular beam epitaxial heterostructure growth tech-
niques suggest a route to create high-quality hybrid struc-
tures [32].
We show here that a metallic layer located in the vicin-
ity of a superconductor can dramatically enhance light-
superconductor coupling, such that the superconducting
properties can ultimately be well characterized by the
absorption spectrum of the hybrid system. Specifically,
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FIG. 1. System schematic. (a) Hybrid normal metal–superconductor structure exposed to an electromagnetic field of incident
light. (b) Dispersions of hybrid eigenmodes of the system: ω as a function of k for mN = mS = 1 (green and blue solid curves).
The dashed curves of the corresponding colors show the individual modes of each layer when the interlayer interaction is
switched off. (c) Schematic of in-layer, inter-layer and light-matter interaction in the system manifesting itself in fluctuations of
electron and Cooper pair densities, δn and δN , and polarization operators Fkω, Gkω, and Πkω. (d) Spectrum of electromagnetic
power absorption demonstrating the Fano resonance profile.
we demonstrate that the system reveals a giant hybrid
Fano resonance [33, 34], which arises in both normal and
superconducting hybrid subsystems due to their mutual
influence. The shape and positions of the peaks (and
the dip) of the Fano resonance may uniquely characterize
both the superconducting and metallic subsystems, espe-
cially the value of the superconducting gap and therefore
the order parameter, its symmetry and critical temper-
ature. Thus, our findings open a prospective method,
being optical and noninvasive, for the characterization
and testing of materials for superconductivity.
II. SYSTEM SCHEMATIC AND HYBRID
EIGENMODES
Let us consider a system with two parallel layers of
a normal metal and a superconductor, as illustrated in
Fig. 1a. The two layers are assumed to be sufficiently
well separated (10−6-10−5 cm) so that tunneling and
proximity effects can be ignored. The electrons in the
normal metal interact via Coulomb interaction, which
has the Fourier image given by vk = 2pie
2/k, where k is
in-plane momentum (lying in the xy plane). The elec-
trons between the two layers are also Coulomb-coupled,
and the Fourier image of the interlayer interaction reads
uk = 2pie
2 exp(−ak)/k, where a is the separation be-
tween the layers. The electromagnetic wave is polarized
along the x-axis, E(r, t) = xˆE0e
−i(k⊥z+k‖·r+ωt) where
k‖, ω, and r are the in-plane wave vector of the field,
frequency, and coordinate, respectively.
The polarization function of a (topologically trivial)
superconductor at zero temperature can be presented in
form [36]
Pkω =
∑
p
EpEp+k − ξpξp+k −∆2
EpEp+k
(
1
ω + iδ − Ep − Ep+k −
1
ω + iδ + Ep + Ep+k
)
= Gkω + Fkω, (1)
where 2∆ is the superconducting gap, ξp is the single-particle energy of the electron measured with respect to the
chemical potential, µ, and Ep ≡
√
ξ2p + ∆
2 is the quasiparticle excitation energy. The sum in (1) can be converted
into an integral, which can be evaluated analytically (see Appendix A). This gives us the real and imaginary parts of
the polarization operator Pkω (we will use Pkω instead of Pkω in what follows):
PRkω =
p2SF k
2
pimS
· 1
ω2 − 4∆2 ,
P Ikω =
{
0, 0 ≤ ω ≤ 2∆
−p2SF k22mSω · 1√ω2−4∆2 , 2∆ < ω
(2)
3where pSF is the Fermi momentum and mS is effective electron mass in the superconductor.
The calculation of the electron gas polarization is standard [37] and here we simply provide the result:
ΠRkω =
p2NF
2pi2mN
· k
2
ω2
, (3)
ΠIkω =

−mNpi
[√
1−
(
mNω
pNF k
− k2pNF
)2
−
√
1−
(
mNω
pNF k
+ k2pNF
)2]
, 0 ≤ ω < pNFmN k − k
2
2mN
−mNpi
√
1−
(
mNω
pNF k
− k2pNF
)2
, pNFmN k − k
2
2mN
< ω < pNFmN k +
k2
2mN
0, pNFmN k +
k2
2mN
< ω,
where pNF and mN are the Fermi momentum and electron effective mass in the normal metal layer, respectively.
Using the linear response theory, we can represent the
electron density fluctuations in the normal layer, δnkω,
and Cooper pair density fluctuations in superconducting
layer, δNkω, as:
δnkω = Πkω(vkδnkω + ukδNkω +W
(N)
kω ),
δNkω = Pkω(vkδNkω + ukδnkω +W
(S)
kω ), (4)
where W
(N)
kω and W
(S)
kω are the Fourier images of the po-
tential energy caused by the external electric field (see
Appendix B for details),
W
(N)
kω = gN
eE0
ik
, W
(S)
kω = gS
eE0
ik
, (5)
where the couplings, gN = 0, 1 and gS = 0, 1, allow us
to turn off the external field on either of the layers. In
matrix form, Eq. (4) reads
[
Πkωvk − 1 Πkωuk
Pkωuk Pkωvk − 1
] [
δnkω
δNkω
]
= −
[
ΠkωW
(N)
kω
PkωW
(S)
kω
]
. (6)
The eigenmodes of the system can then be found by
equating the determinant of the two-by-two matrix in (6)
to zero, which yields:
1− vk(Πkω + Pkω) + (v2k − u2k)ΠkωPkω = 0. (7)
In particular, for the real part of this determinant we
find:
DRkω ≡ 1− vk(ΠRkω + PRkω) + (v2k − u2k)ΠRkωPRkω (8)
+ΠIkωP
I
kω(u
2
k − v2k) = 0.
Using Eqs. (2) and (3), we find that ΠIkω = 0 for ω > 2∆
while P Ikω = 0 for ω < 2∆. Hence the last term in Eq. (8)
is zero for all positive ω and we yield
1− vk(ΠRkω + PRkω) + (v2k − u2k)ΠRkωPRkω = 0. (9)
Solving for ω, we find two branches of dispersion of the
hybrid modes:
ω2±(k) = 2∆
2 +
e2k
2
(
p2NF
pimN
+
2p2SF
mS
)
± (10)
± 1
2
√
ξ−ξ+ − 4β2k, where
ξ± =
(2∆± epNF√ k
pimN
)2
+
2e2
mS
p2SF k
 ,
β2k =
2e4p2NF p
2
SF
pimNmS
k2(1− e−2ka).
Figure 1b shows the hybrid modes for various mN = mS
(with bare modes presented for comparison). If the in-
terlayer interaction is turned-off, by separating the lay-
ers sufficiently far apart, for example, the individual bare
modes of the 2DEG and the superconductor has similar
form as Eq. (10) except that we replace the last term
inside the square root by β2k,bare ≡ 2e
4p2NF p
2
SF
pimNmS
k2.
III. ELECTROMAGNETIC POWER
ABSORPTION
Further, the matrix equation (6) can be solved for the
density fluctuations which yields:
δnkω =
eE0
k
(NRkω + iN
I
kω)D
R
kω + (N
I
kω − iNRkω)DIkω
(DRkω)
2 + (DIkω)
2
,(11)
where DRkω has already been given in Eq. (8) and
NRkω = (gNuk − gSvk)(ΠIkωPRkω + ΠRkωP Ikω) + gNΠIkω,
N Ikω = −(gNuk − gSvk)ΠRkωPRkω − gNΠRkω, (12)
DIkω = (v
2
k − u2k)(P IkωΠRkω − PRkωΠIkω)− vk(P Ikω + ΠRkω).
We are interested in the real part of (11) only, therefore
we restrict ourselves to
δnkω =
eE0
k
NRkωD
R
kω +N
I
kωD
I
kω
(DRkω)
2 + (DIkω)
2
. (13)
Under the assumption of linear response of the system,
the Fourier component of the current in the 2DEG layer
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FIG. 2. Spectra. Power absorption monitored in 2DEG ((a) – (b)) and superconductor ((c)–(d)) as a function of ω for ∆ = 1.0
meV. Vertical dashed lines stand for the corresponding locations of the hybrid modes (within Eq. (10)). (a) k = 1.0 × 10−3
(red curve), 1.0 × 10−2 (green curve), and 1.0 × 10−1 meV (blue curve). Inset shows the range 0 ≤ ω < 2∆, contributions to
P1(ω) due to single-particle excitations. To render these contributions visible, larger k’s were used: k = 5.0× 101 (red curve),
5.0× 102 (green curve), and 1.0× 103 (blue curve). (b) k = 1.0× 101 (red curve), 1.0× 102 (green curve), and 1.0× 103 meV
(blue curve). Inset shows the case with no interlayer interaction. (c) Both layers are exposed to the EMF. Inset: zoom-in for
small ω’s showing peaks caused by the lower hybrid modes. (d) No external field on the normal layer. Inset shows the log plot
of the corresponding blue curve, manifesting the two peaks and the dip of the Fano resonance. In (c) and (d), k = 1.0 × 101
(red curves), 1.0× 102 (green curves), 1.0× 103 meV (blue curves). Dashed black curves in (d) show the case when interlayer
coupling is turned off.
can be written as
Jk′ω′ = (2pi)
3δ(2)(k′ − k‖)δ(ω′ − ω)jk′ω. (14)
The Dirac delta-functions in Eq. (14) explicitly imple-
ment the linear response assumption. Thus, both ω′ and
k′ have specific values fixed by the external electromag-
netic field (the factor (2pi)3 is written for notational aes-
thetics). Since E(r, t) and J(r, t) have the same wave
vector and frequency, the following formula can be used
to compute the time-averaged power absorbed by the hy-
brid system as a function of frequency ω:
P(ω) = 1
2
〈
Re
∫
d2rJ(r, t) ·E∗(r, t)
〉
, (15)
where the integration is over the plane of the normal
metal sample and 〈· · ·〉 denotes time-averaging. Normal-
izing Eq. (15) by
∫
d2r = L2, we obtain the specific power
absorption coefficient (later simply referred to as power
absorption):
P1(ω) ≡ P(ω)
L2
=
1
2
Re(jkωE0). (16)
Utilizing the continuity equation kjk,ω = −eωδnk,ω to-
gether with Eq (13), we find:
P1(ω) =
1
2
· eω
k
|Re(δnk,ω)|E0
=
e2ωE20
2k2
∣∣∣∣NRkωDRkω +N IkωDIkω(DRkω)2 + (DIkω)2
∣∣∣∣ . (17)
We can follow a similar procedure to calculate the cur-
rent of Cooper pairs in the superconductor (see also Ap-
pendix A). The power absorption then reads
P2(ω) =
1
2
· 2eω
k
|Re(δNkω)|E0
=
e2ωE20
k2
∣∣∣∣MRkωDRkω +M IkωDIkω(DRkω)2 + (DIkω)2
∣∣∣∣ , (18)
where
MRkω = (gNuk − gSvk)(PRkωΠIkω + P IkωΠRkω) + gSP Ikω,
M Ikω = (gSvk − gNuk)PRkωΠRkω − gSPRkω. (19)
Formulas (17) and (18) account for the electron-electron
and electron-Cooper pair interaction as well as the cou-
pling of both the 2DEG and superconductor to light (see
5the schematic description of corresponding processes in
Fig. 1c).
The resulting (schematic) power absorption by the hy-
brid system is presented in Fig. 1d, where due to the
interplay of different interaction mechanisms, we expect
to observe a Fano resonance. Let us consider the spec-
trum in detail.
IV. RESULTS AND DISCUSSION
Figure 2 shows power absorption as a function of ω for
different wave vectors k when both the 2DEG and super-
conductor are exposed to the EMF. In Fig. 2a, the lower
hybrid modes are below 2∆ and their contribution to the
power absorption is suppressed, as can be seen by the
lack of visible peaks in the vicinity of the three left-most
dashed lines. The inset shows the contribution of the
single-particle excitations. As can be seen, this contri-
bution is negligible compared to the contribution of the
hybrid modes (three peaks of the main plot). The loca-
tions of the peaks at higher frequencies nearly coincide
with the corresponding dashed lines, showing that these
peaks are primarily due to the upper hybrid modes. As
k increases, we observe a broadening (from red to blue
curves).
Figure 2b shows the power absorption for larger val-
ues of k. The lower hybrid modes now have significant
contributions, as can be seen by the existence of three
sharp peaks, since they are now located above the gap.
For comparison, the inset shows the power absorption
when the interlayer coupling is switched off. It shows a
disappearance of the contribution from the upper hybrid
modes primarily due to the superconductor. Comparison
of the lower-mode contributions shows that the presence
of the superconductor enhances the power absorption of
the hybrid system by four orders of magnitude. Other-
wise, the presence of the external EMF and the 2DEG
does not dramatically influence the superconductor it-
self, and thus may serve as an auxiliary to monitor its
behavior.
Figure 2c shows the power absorption spectrum for dif-
ferent k’s when the EMF is exposed to both the 2DEG
and superconductor. We observe a celebrated Fano res-
onance structure of the spectrum (see Inset). Figure 2d
shows the power absorption when the external EMF at
the normal layer is turned off. We immediately note that
the contribution of the upper hybrid modes to the absorp-
tion spectrum is not significantly affected by switching off
the field at the normal layer, as can be seen by compar-
ing Figs. 2c and 2d. This behavior is quite expected.
Surprisingly though, the contribution of the lower hy-
brid modes shows significant increase compared to the
situation when the external field in the normal layer is
switched on. Thus, we realize that the electronic layer
must be very sensitive to the behavior of the supercon-
ductor, whereas the latter does not pay much attention
to either the 2DEG or the light field. Indeed, switching
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FIG. 3. Spectrum in topologically non-trivial case. Power
absorption (in log scale) monitored in superconductor as a
function of ω at k = 0.5 × 10−1 meV (red) and k = 1.0 ×
10−1 meV (green). (Black dots show the results of numerical
calculation.)
off the interlayer interaction removes the contribution of
the lower modes, as expected (dashed black curves in
Fig. 2d). We see that the second peak, which is mostly
determined by the superconductor, remains nearly the
same. Inset shows that in log scale, we observe both the
two peaks of the Fanolike resonance and the dip.
Now let us consider the nontrivial topology (p-wave
pairing). Then the superconducting gap reads ∆k =
f(k)(kx − iky) = f(k)ke−iφ, where φ is the polar angle
measured with respect to the kx axis in k-space and the
function f(k) depends on the concrete p-wave supercon-
ductor; it should be finite for all k ∈ [0,∞) and vanish as
k →∞ (see the details in Appendix B). Dependence ∆k
makes calculations more tricky but leads to qualitatively
similar results. Figure 3 shows the resulting P2 (compare
with Fig. 2c, green curve). It should be noted, that here
the Fanolike dip is shifted to the frequency range below
the first peak.
CONCLUSIONS AND OUTLINE
We have studied the linear response of a hybrid two-
dimensional electron gas–superconductor system to an
external electromagnetic field of light. Such systems have
hybrid excitations that originate from gapless plasmons
of the two-dimensional electron gas of the metallic layer
and gapfull Bogolubov excitations of the bulk supercon-
ductor. We calculated these hybrid eigenmodes of the
system and investigated the electromagnetic power ab-
sorption spectra. We found that these excitations ex-
hibit a very strong coupling with the electromagnetic ra-
diation, and showed that they display giant Fano res-
onances associated with a large light absorption. Such
results therefore indicate a way to monitor the behav-
ior of a superconductor exposed to light by measuring
the spectrum of photoabsorption of the two-dimensional
6electron gas.
Herewith, we suggest a way to prepare samples of var-
ious hybrid-structured materials to test them for being
superconductors via optics. That is, the proposed ef-
fect of the giant hybrid Fano resonance can be observed
by measuring the optical response of two-layer metal-
superconductor systems composed of, for example, su-
perconducting niobium film deposited on a thin metallic
layer of copper, gold, silver, or tin. The proposed effect
can be used to design various sensors and diagnostics of
superconducting magnets with light.
Our result also opens the possibility of an alterna-
tive optical method for detecting Majorana fermions in
topological superconductors, which is analogous to zero-
bias anomaly in tunneling spectroscopy[39–41]. Instead
of tunneling, we propose to use light interaction to ex-
cite the electrons from the zero mode where a Majorana
must be located. Chen et. al.[42] proposed a similar
optical-detection method but using hybrid quantum dot-
nanomechanical resonator. In contrasts, in our method,
the strong plasmon coupling, which produces a giant hy-
brid resonance, should provide a major advantage over
the former.
Moreover, the recent discovery of high-temperature
light-induced superconductivity in K2C60 [38] has stimu-
lated an activity in the scientific community to test ma-
terials with light. Thus, our finding of enhanced light
coupling in metal–superconducting hybrids alongside the
possibility of testing is expected to open a new direction
in this activity, since it creates many opportunities for
discoveries of condensed states induced by light.
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Appendix A: Evaluation of polarization functions of conventional and topological superconductors
We consider the retarded polarization operator of the superconductor at zero temperature. Its general form, up to
one-loop order is given by
P retkω =
∑
p
EpEp+k − ξpξp+k −∆∗p∆p+k
EpEp+k
(
1
ω + iδ − Ep − Ep+k −
1
ω + iδ + Ep + Ep+k
)
. (A1)
Let us evaluate the real, PRkω, and imaginary, P
I
kω, parts of this polarization operator (P
ret
kω = P
R
kω + iP
I
kω) separately.
1. S-wave, Real part
In the case of s-wave pairing, the gap is independent of the momentum. The real part then reads
PRkω =
∑
p
EpEp+k − ξpξp+k −∆2
EpEp+k
(
1
ω − Ep − Ep+k −
1
ω + Ep + Ep+k
)
. (A2)
First, we can convert the sum in (A2) into an integral by the replacement∑
p
→ 1
(2pi)2
∫
d2p =
1
(2pi)2
∫ ∞
0
dpp
∫ 2pi
0
dφ. (A3)
Without loss of generality, we choose k to point along the positive x direction, so that φ is the angle between p and
k. We then perform the change of integration variable φ→ p1:
p21 ≡ |p+ k|2 = p2 + 2kp cosφ+ k2,
dφ = − p1dp1
pk sinφ
, (A4)
where
sinφ = ±
√
1−
(
p21 − p2 − k2
2pk
)2
(A5)
with the positive sign for φ ∈ [0, pi] and negative sign for φ ∈ [pi, 2pi]. The integration over φ in Eq. (A3) becomes∫ 2pi
0
dφ =
∫ pi
0
dφ+
∫ 2pi
pi
dφ = 4
∫ p+k
p−k
p1dp1√
[(p+ k)2 − p21][p21 − (p− k)2]
. (A6)
Next, we can change the integration variables further:
p→ ξp = p
2
2m
− µ,
dp =
√
m
2(ξp + µ)
dξp. (A7)
8A similar change of variable is also done for p1 → ξ1 = p
2
1
2m − µ. Eq. (A2) now turns into
PRkω =
m2
pi2
∫ ∞
−∞
dξp
∫ ξp+k
ξp−k
dξ1
EpE1 − ξpξ1 −∆2
EpE1
(
1
ω − Ep − E1 −
1
ω + Ep + E1
)
(A8)
× 1√{
[
√
2m(ξp + µ) + k]2 − 2m(ξ1 + µ)
}{
2m(ξ1 + µ)− [
√
2m(ξp + µ)− k]2
} ,
where Ep =
√
ξ2p + ∆
2 and E1 =
√
ξ21 + ∆
2. We should point out some important nuances in the equation above.
First, the lower bound of the integral over ξp is originally −µ. This energy lies deep in the Fermi sea so that we can
extend it to negative infinity without incurring significant error.
The factors inside the radical in the last line of Eq. (A8) can be simplified by using the fact that the significant
contribution to the integral is from a small interval within the Fermi momentum pF so that√
2(ξp + µ)
m
≈ vF , (A9)
and that we are insterested in small wave vectors k ≈ 0 so that terms of order k2 can be neglected. These approxi-
mations give
(
√
2m(ξp + µ) + k)
2 − 2m(ξp + µ) ≈ 2m(ξp − ξ1 + vF k),
2m(ξp + µ)− (
√
2m(ξp + µ) + k)
2 ≈ 2m(ξ1 − ξp + vF k). (A10)
Further we change the integration variable y ≡ ξ1 − ξp and simplify the factor
EpE1 − ξpξ1 −∆2
E1
=
√
ξ2p + ∆
2 ·√(ξp + y)2 + ∆2 − ξp(ξp + y)−∆2√
(ξp + y)2 + ∆2
. (A11)
We are interested in the case when the wavelength is much longer than the size of the Cooper pairs, vF k  ∆. Since
|y| < vF k, we can expand Eq. (A11) in the vicinity of y ≈ 0 and retain only the leading order. We have
EpE1 − ξpξ1 −∆2
E1
≈ ∆
2y2
2(∆2 + ξ2p)
3/2
. (A12)
Collecting all these results, we find that Eq. (A8) turns into
PRkω =
m∆2
4pi2
∫ ∞
−∞
dξp
∫ vF k
−vF k
dy
y2
(ξ2p + ∆
2)2
· 1√
(vF k − y)(vF k + y)
(A13)
×
 1
ω −
√
ξ2p + ∆
2 −√(ξp + y)2 + ∆2 −
1
ω +
√
ξ2p + ∆
2 +
√
(ξp + y)2 + ∆2
 .
Using the smallnes of y, we can similarly expand the second line in Eq. (A13) as
1
ω ∓
√
ξ2p + ∆
2 ∓√(ξp + y)2 + ∆2 ≈
1
ω ∓ 2Ep . (A14)
Substitution of this expression into Eq. (A13) enables us to evaluate the integral over y by letting x ≡ y/(vF k):∫ vF k
−vF k
y2dy√
(vF k − y)(vF k + y)
= (vF k)
2
∫ 1
−1
x2dx√
(1− x)(1 + x) = (vF k)
2pi
2
. (A15)
Equation (A13) turns into
PRkω =
m∆2
8pi
(vF k)
2
∫ ∞
−∞
dξp
1
(ξ2p + ∆
2)2
 1
ω − 2
√
ξ2p + ∆
2
− 1
ω + 2
√
ξ2p + ∆
2

=
m∆2
8pi
(vF k)
2
∫ ∞
−∞
dξp
1
(ξ2p + ∆
2)3/2
· 11
4ω
2 −∆2 − ξ2p
. (A16)
9We denote α ≡
√
1
4ω
2 −∆2and then rewrite PRkω as
PRkω =
m(vF k∆)
2
8pi
∫ ∞
−∞
dξp
1
(ξ2p + ∆
2)3/2
· 1
α2 − ξ2p
. (A17)
Note that the integrand in Eq. (A17) has vanishing contribution for large ξp. In the high frequency regime ω  2
√
2∆,
α > ∆ so that the integral has nigligible contribution for ξp > α. We can then expand
1
1− (ξp/a)2 ≈
1
α2
. (A18)
Putting ξp = ∆ sinh t in the integral in Eq. (A17), we find∫ ∞
−∞
dξp
1
(ξ2p + ∆
2)3/2
=
1
∆2
∫ ∞
−∞
sech2tdt =
1
∆2
tanh t |∞−∞ =
2
∆2
, (A19)
and Eq. (A17) then turns into
PRkω =
mv2F k
2
pi
· 1
ω2 − 4∆2 , ω  2
√
2∆. (A20)
2. S-wave, Imaginary part
A similar manipulation can be performed to evaluate the imaginary part of Eq. (A1):
iP Ikω =
1
(2pi)2
∫
d2p
EpEp+k − ξpξp+k −∆2
EpEp+k
[
− ipiδ(ω − Ep − Ep+k) + ipiδ(ω + Ep + Ep+k)
]
. (A21)
Since ω + Ep + Ep+k > 0, the second Dirac delta function gives zero. We then have
P Ikω = −
m
2pi
∫ vF k
−vF k
dy
1√
(vF k − y)(vF k + y)
∫ +∞
−∞
dξp
2E2p
δ(ω − Ep − Eq,y), (A22)
where Eq,y ≡
√
(y +
√
E2p −∆2)2 + ∆2. Note that since Ep, Ep+k ≥ ∆, it follows that P Ikω = 0 when ω < 2∆. For
ω ≥ 2∆, we have
P Ikω = −
m
8
(vF k)
2
∑
n
∫ ∞
−∞
dξp
E2p
· δ(ξp − ξn)|f ′(ξn)| , (A23)
where f(ξp) ≡ Ep +Eq − ω and a prime means derivative with respect to ξp. The sum is over the zeros of f(ξn) = 0.
Since |y| < vF k  ∆, it follows that Eq,y ≈ Ep which then gives the zeros of f(ξp) which are ξn = ±
√
1
4ω
2 −∆2.
Finally, we find:
P Ikω = −
m
2
(vF k)
2 1√
ω2 − 4∆2 . (A24)
3. P-wave, Real part
For the p-wave pairing, we can write the gap function as
∆k = f(k)(kx − iky) = f(k)ke−iφ, (A25)
where φ is the polar angle measured with respect to the kx axis in k-space. The function f(k) can be found for the
concrete p-wave superconductor. Here we keep its general form, which should satisfy the following requirements: (i)
f(k) is finite for all k ∈ [0,∞) and (ii) f(k) vanishes as k →∞. In our case, we take f(k) to be Gaussian :
f(k) = Ae−αk
2
, (A26)
10
where A and α are phenomenological parameters. It should be noted, that finding the exact shape of f(k) is unnec-
essary when we are after the topological properties of the p-wave superconductor only (as long as f(k) satisfies the
requirements stated above).
The real part of the polarization can now be written as
PRkω =
1
(2pi)2
∫
d2p
[(
1− ξpξp+k
EpEp+k
− Re{∆
∗
p∆p+k}
EpEp+k
)(
1
ω − Ep − Ep+k −
1
ω + Ep + Ep+k
)
+ pi
Im{∆∗p∆p+k}
EpEp+k
(
δ(ω + Ep + Ep+k)− δ(ω − Ep − Ep−k)
)]
. (A27)
At the quantum critical point µ = 0, the argument of the Dirac delta function δ(ω + Ep + Ep+k) vanishes at k = 0
and ω = 0. Since we are not interested in this critical case for now, we take µ 6= 0 for which ω +Ep +Ep+k > 0 and
the mentioned Dirac delta is dropped.
Furthermore we evaluate analytically the term involving the other Dirac delta. First we rewrite
∆p+k = f(|p+ k|)|p+ k|e−iθ. (A28)
Without loss of generality, we can choose k to lie along the px axis. We then find
θ = sin−1(p sinφ), (A29)
where φ is the polar angle and it is simultaneously the angle between k and p.
Following a similar procedure as in Section A (s-wave case), we put p1 ≡ |p + k| so that the Dirac delta term in
Eq. A27) becomes
P ′Rkω = −
1
4pi
∫
d2p
Im{∆∗p∆p+k}
EpEp+k
δ(ω − Ep − Ep−k)
= − 1
2pi
∫ ∞
0
∫ p+k
p−k
dp1
f(p)f(p1)p
2
1
kEpEp+k
cos θδ(ω − Ep − Ep−k), (A30)
where
θ = sin−1
[
1
2p1k
√
4p2k2 − (p21 − p2 − k2)2
]
. (A31)
Then we perform another change of integration variables:
ξp =
p2
2m
− µ,
ξp1 =
p21
2m
− µ, (A32)
so that Eq. (A30) now becomes
P ′Rkω = −
m
√
2m
2pikvF
∫ ∞
−∞
dξp
∫ ξp+k
ξp−k
dξ1
√
ξ1 + µ
EpE1
f(ξp)f(ξ1) cos θδ(ω − Ep − E1), (A33)
where f(p) = A exp{−2mα(ξp + µ)} and Ep =
√
ξ2p + f
2(p). The upper and lower limits of the ξ1 integration can be
rewritten as
ξp±k =
(p± k)2
2m
− µ
= ξp ± vF k + k
2
2m
. (A34)
The relevant contribution from the ξp integration comes from a close neighborhood around the Fermi surface, so that
ξp in Eq. (A9) we can approximate as ξp ≈ 12mv2F − µ. Further, since we are interested in small k, we can drop the
k2 term. The ξp and ξ1 integrations in eq.(A33) can now be interchanged and the former integral can be evaluated
to get
P ′Rkω = −
m
√
2m
2pikvF
∑
n=±
∫ vF k
−vF k
dξ1
f(ξn)f(ξ1)
√
ξ1 + µ
E1|g′(ξn)|
√
ξ2n + f
2
0
cos θ, (A35)
11
(a)
� ��� ��� ��� ��� ���� ���� �����
��×��-�
��×��-�
���×��-�
��×��-�
ω(���)
� �(��
���
����
) (b)
� ��� ��� ��� ��� �������
���
���
���
���
���
���
���
ω(���)
� �(��
���
����
)
FIG. 4. Power absorption spectrum when the interlayer interaction is turned off (a) Current is monitored in the 2DEG. (b)
Current is monitored in the superconductor.
where g(ξp) = Ep +E1−ω and the prime over g(ξp) denotes derivative with respect to ξp. The roots of g(ξp) = 0 are
ξ± = −mf20 ±
1
2
√
4m2f40 − 4[2mµf20 − (ω − E1)2]. (A36)
This last integral in (A35) can be easily evaluated numerically.
4. P-wave, Imaginary part
The imaginary part of the polarization operator reads
P Ikω =
1
(2pi)2
∫
d2p
[
pi
(
1− ξpξp+k
EpEp+k
− Re{∆
∗
p∆p+k}
EpEp+k
)(
δ(ω + Ep + Ep+k)− δ(ω + Ep − Ep−k)
)
− Im{∆
∗
p∆p+k}
EpEp+k
(
1
ω − Ep − Ep+k −
1
ω + Ep + Ep+k
)]
. (A37)
Similar steps (as in Subsection C above) can be followed to find
P Ikω = −
m
2pi
∑
n=±
∫ vF k
−vF k
dξ1
1
|g′(ξn)|
√
(ξn − ξ1 + vF k)(ξ1 − ξn + vF k)
×
(
1− ξnξ1
EnE1
−
√
m(ξ1 + µ)
2
√
2kEnE1
f(ξn)f(ξ1)[2m(ξ1 − ξn)− k2] cos θ
)
. (A38)
Appendix B: The external potential Wkω
In terms of vector and scalar potentials, a time-dependent electric field is given by
E(r, t) = −∂A
∂t
−∇φ. (B1)
Since the incident electric field is parallel to the plane of the electron gas sample at z = 0 and the tangential component
of the electric field obeys the boundary condition limz→0+ E|| = limz→0− E||, we can neglect the effect of free charges
on this field. The Lorenz gauge then gives the wave equations
∇2φ− ∂
2φ
∂t2
= 0,
∇2A− ∂
2A
∂t2
= 0, (B2)
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FIG. 5. Power absorption as a function of ω when there is no external EM field on the superconductor layer for k = 1.0 (red),
5.0× 101 (green), 1.0× 102 meV (blue). Inset: zoom-in for 50 ≤ ω < 95 meV and 260 ≤ ω < 390.
where ∇2 is the laplacian in three-dimensional space R. It can be verified that
φ(R, t) = −xE0e−i(qz+ωt) (B3)
A(R, t) =
qx
ω
E0e
−i(qz+ωt)kˆ (B4)
obey the wave equations (B2) with ω = q.
Note that Eq. (27) is similar to the electrostatic case with uniform electric field along the x axis apart from the
plane wave factor. Hence, we can still use Wkω =
eE0
ik analogous to the electrostatic case.
Appendix C: Photoabsorption spectrum in case if the interlayer coupling is switched off
Figure 4 shows the power spectrum when the coupling between the layers is switched off. The left hand side panel
shows the case when the current is monitored in the 2DEG layer. It reveals a sharp peak contribution from the lower
modes. This is expected since when there is no interlayer coupling, we have P1(ω) ∝ ΠIkω = 0 for ω > 2∆. The
sharp peaks occur at the lower hybrid modes where the denominator in the formula for P1(ω) gives zero. Note the
disappearance of three right-most peaks (compare with Fig. 3 in the main text). This confirms that the three broad
right-most peaks in Fig. 3b are primarily due to the superconductor.
The right hand side panel similarly shows the case when the current is monitored in the superconductor layer. It
shows that the three left-most peaks disappear which confirms that they are primarily due to the 2DEG layer.
Appendix D: EMF is exposed to the 2DEG only
We now investigate the power absorption in the normal layer when the external EM field in the superconductor is
turned off by setting gN = 1 and gS = 0 in Eq. (8), see Fig. 5. It shows that the contribution of the upper hybrid
modes decreases as compared to Fig. 3 in the main text and the curves in the vicinity of the upper hybrid modes
are quite broad. The opposite is true for the lower hybrid modes: their contribution is significantly enhanced, as
expected, since the superconductor is not exposed to light.
